Five rat strains were studied for immune responsiveness to SFFV-NRK, a normal rat kidney cell line non-productively infected with spleen focus-forming virus (SFFV) of the Friend leukaemia virus (FLV) complex. Antisera from ACI, JAR, Fischer and SD strains precipitated SFFV-specific gene product, gp55, whereas those from LEW did not. In the cross of Fischer x LEW, immune responsiveness to gp55 was controlled by a single or a few dominant genes. The immune responsiveness was neither related to the susceptibility to FLV infection, nor to the amount of SFFV-related RNA in spleen cells. Unresponsiveness of LEW rats to gp55 was not absolute; when LEW rats were immunized with FLV preparations from infected mice or xenotropic virus-infected NRK cells, they produced antibody that could precipitate gp55,
INTRODUCTION
Friend leukaemia virus (FLV), which induces rapid teukaemic transformation of erythroid precursor cells in mice, is composed of two viruses: a replication-defective spleen focus-forming virus (SFFV) and a helper Friend murine leukaemia virus (F-MuLV) (Dawson et al., 1966; Mirand et al., 1968) . SFFV codes for several proteins, among which a glycoprotein with molecular weight (Mr) of 52000 (52K) to 55K is considered to be most important for rapid leukaemogenesis by FLV (Racevskis & Koch, 1977 Ruscetti et al., 1978 Ruscetti et al., , 1979 Ruscetti et al., , 1980 MacDonald et al., 1980; Ruta & Kabat, 1980) . Yoosook et al. (1979) showed that rat antisera to SFFV-non-producer cells were useful for analysing FLV leukaemogenesis. During the course of preparing rat antisera to SFFV-coded proteins, we found that one of five rat strains tested could not produce anti-gp55 antibody. We report here the genetic control of the immune responsiveness and the relation of the immune responsiveness to susceptibility to FLV infection or to the endogenous SFFV-related RNA in spleen cells.
METHODS

Cells and viruses.
Six cell lines were used. (i) NRK cells derived from normalkidneycellsoftheOsborne Mendel rat (Duc-Nguyen et al., 1966) . (ii) SFFV-NRK, an NRK cell line infected with SFFV (Troxler et al., 1977) . These
The NB-tropic FLV preparation used was a spleen homogenate of BALB/c mice infected with FLV (30th passage in BALB/c mice; Odaka, 1973) .
Animals and antisera. Fischer rats and ddY mice were purchased from the Shizuoka Agricultural Cooperative Association for Laboratory Animals. ACI, JAR (established by Dr H. Katsuta, Institute of Medical Science, University of Tokyo), LEW and SD rats and DDD mice were obtained from the Laboratory of Experimental Animals, Institute of Medical Science, University of Tokyo. Rats aged 4 to 8 weeks were injected intraperitoneally with 0-5 × 107 to 5 x l0 T viable cells of the following cell lines or virus preparation (at weekly intervals, the number of times of immunization in parentheses): N RK or SFFV-N RK cells (several times as indicated below); eco-F-NRK cells (four); eco-F-SFFV-NRK cells (four); NZB-X-NRK cells (four); NB-tropic FLV preparation (one). Antisera were obtained by bleeding the rats from tail or heart. Rabbit antiserum to rat IgG was purchased from Medical and Biological Laboratories Ltd., Nagoya, Japan. Goat antiserum to gp70 of Rauscher leukaemia virus was provided by the Division of Cancer Cause and Prevention, NCI, Bethesda, Md., U.S.A.
Immunoprecipitation. SFFV-NRK or T3K 1 cells were labelled with [3H]leucine (200 ~tCi/ml, 147 Ci/mmol; Amersham-Japan, Tokyo) in leucine-free MEM (from Nissui Seiyaku Co., Ltd., Tokyo) supplemented with 10% dialysed foetal calf serum for 7 to 8 h in a CO2 incubator. Labelled cells were collected by scraping with a rubber policeman (for SFFV-NRK) or by centrifuging (for T3K1), and washed three times with chilled phosphatebuffered saline (PBS). Cells were lysed for 30 min at 0 °C with lysing buffer (LB; 1% Triton X-100, 0.5~ sodium deoxycholate, 0.1% SDS in PBS) containing 1 mM-phenylmethylsulphonyl fluoride. The lysates were obtained by centrifuging the solubilized cell suspensions at 3500 rev/min for 10 min and then at 40000 rev/min for 1 h. About 1.4 × 107 ct/min of SFFV-NRK cell lysate or 2-5 × 106 ct/min of T3K1 cell lysate was mixed with 10 ttl of antiserum. After overnight incubation, formalin-fixed Staphylococcus aureus (10% suspension in LB, 100 ~tl/reaction) was added to the reaction mixture. The mixture was incubated for 4 h at 4 °C. The precipitates were collected by centrifugation at 3500 rev/min for 10 min, washed three times with LB, and suspended in a mixture consisting of equal volumes of LB and SDS buffer (2% SDS, 5% 2-mercaptoethanol, 25% glycerol, 0.02 MTris-HCl pH 6.8), and heated for 2 to 5 min at 100 °C. After centrifugation, the supernatants were applied to SDS-polyacrylamide slab gels for electrophoresis (SDS-PAGE) (Laemmli, 1970) . Acrylamide was used at 12-5 % for the separation gel. Mr markers, fl-galactosidase (130K), phosphorylase a (94K), bovine serum albumin (67K), ovalbumin (45K), chymotrypsinogen A (25K) and cytochrome c (12-5K), were purchased from Boehringer Mannheim. The gels were stained with Coomassie Brilliant Blue, and fluorographed according to Bonner & Laskey (1974) with Kodak X-Omat film.
Virus assay. Rats were injected intraperitoneally within 2 days of birth with an NB-tropic FLV preparation (4 × 104 XC-plaque-forming units and 4 × l0 s spleen focus-forming units/rat) and killed 3 to 4 months later. The spleens were homogenized with PBS containing 0.25% gelatin. The homogenates were centrifuged at 3000 rev/min for 30 min and the supernatants were stored at -70 °C until use. F-MuLV was assayed on C-182 cells by the XC test (Bassinet al., 1971 ; Rowe et al., 1970; Kai et al., 1976) . SFFV titres were determined by infecting 4-week-old ddY mice with the supernatants. After 9 days, the mice were killed. Spleens were removed, fixed with Bouin's solution and observed for spleen foci (Axelrad & Steeves, 1964) .
Preparation of SFFV-specific cDNA and DNA-RNA hybridization. 32p-labelled DNA complementary to the RNA of the SFFV genome (cDNAsvFv) was prepared by reverse transcription of purified SFFV 32S RNA CYoshida & Yoshikura, 1980) with reverse transcriptase purified from avian myeloblastosis virus; the reaction mixture contained [32p]dCTP and DNase-treated calf thymus DNA as random primer (Taylor et al., 1976) . 32p. cDNAsFFV was hybridized with a 100-fold excess of helper virus RNA to a Crt value of 10 to 15 mol-s/1. The hybridization mixture was applied to a hydroxyapatite column to isolate unhybridized single-stranded cDNA (Stehelin et al., 1976) . The single-stranded cDNA fraction was treated with 0.1 M-NaOH to remove any RNA and used as SFFV-specific cDNA after confirming the absence of any detectable homology with helper 35S RNA. The SFFV-specific cDNA was hybridized with various amounts of spleen RNA at 42 °C in buffer containing 0-6 MNaC1, 0.05 M-Tris-HC1 pH 7.5, 1 mM-EDTA and 50% formamide. After hybridization, the mixture was digested with nuclease $1, and Sl-resistant 32p-cDNA was precipitated with 5% trichloroacetic acid and counted.
RESULTS
Strain difference in immune response to SFFV-NRK
Rats of five strains, ACI, JAR, LEW, Fischer and SD, were immunized four times at weekly intervals with either SFFV-NRK or NRK cells. The activity of antisera was assayed by immunoprecipitation with the lysate of [3 H]leucine-labelled SFFV-NRK cells and SDS-PAGE (Fig. 1) . Proteins of Mr 52K, 39K, 38K and 21K were precipitated specifically with anti-SFFV-NRK sera. ACI, JAR and SD rats responded to all of these proteins, whereas LEW rats responded to the 39K and 38K proteins only, and Fischer rats responded to the 52K, 39K and 38K proteins. To measure cross-reactivity of the antisera with proteins of F-MuLV and to show more clearly the SFFV-specific glycoprotein, the same antisera were tested with a lysate of [3H]leucine-labelled erythroleukaemia T3K1 cells (Fig. 2) . This cell line produces both SFFV and F-MuLV and contains a larger amount of the glycoprotein than SFFV-NRK. From the T3K1 lysate, anti-SFFV-NRK sera precipitated 110K, 90K, 65K, 55K and 30K proteins. In this case also, the LEW antiserum failed to precipitate 55K protein. The 52K protein of SFFV-NRK and 55K protein of T3K1 cells could be labelled with [3H]glucosamine, as they were glycoproteins (gp52, gp55). The results showed that the LEW rat developed no anti-gp55/52. Hereafter, all immunoprecipitation assays were done with the T3K1 cell lysate. To test whether this failure of the LEW antiserum to precipitate gp55 was merely due to the number of times of immunization or to a difference in immune responsiveness among individual rats, we immunized another four LEW, three Fischer and two SD rats and their antisera were assayed. All antisera from Fischer and SD rats precipitated gp55, but all antisera obtained from LEW rats, even after nine immunizations, did not. Thus, the immune responsiveness to gp55 is strain-specific. To test whether the unresponsiveness of LEW rats was restricted to Protein A-binding Ig subclasses (Medgyesi et al., 1978) , we collected immunoprecipitates using rabbit anti-rat IgG as a second antiserum before treatment with S. aureus. The patterns on SDS-PAGE revealed the same strain difference as described above (data not shown).
Genetic control of immune response to gp55
To determine the genetic control of the production of anti-gp55, we crossed LEW with Fischer rats, and immunized F1, F2 and backcross (BC) progeny with SFFV-NRK cells. After five immunizations, the antisera were harvested and assayed. Fig. 3 shows the results from 10 rats of a single litter in the (F 1 × LEW) BC1 generation. Three rats (lanes 1,2 and 9) responded strongly to gp55, one (lane 7) intermediately and one (lane 10) poorly. The remaining five (lanes 3 to 6 and 8) were non-responders. Table 1 summarizes the results. All rats of F1 and (F~ x Fischer) BC~ were responders, and this indicated that responsiveness was dominant over unresponsiveness. In contrast, rats in the (F~ x LEW) BC~ and F2 generations were classified into responders and non-responders, and the segregation ratios were compatible with a singlegene hypothesis (P = 0.65 and 0.34 respectively).
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Immune response to gp55 coded for by SFFV 
Susceptibility to NB-tropic FL V infection
The possible relationship between immune responsiveness to gp55 and the susceptibility to FLV infection was studied. We infected newborn LEW and Fischer rats with NB-tropic FLV and killed them 3 to 4 months after infection. The spleens and thymi were removed and weighed. Homogenates were made from the spleens and used for virus assay ( Table 2) . Rats of both strains showed enlargement of spleen and thymus as reported by Mirand & Grace (1962) and Dawson et al. (1966) . In both strains, F-MuLV grew well, but SFFV did not. Mak et al. (1979) detected SFFV-related RNA sequences in FLV-susceptible normal mice (Fv-2 ss genotype), but not in resistant ones . Glycoprotein gp55 is coded for by an SFFVspecific RNA sequence (Yoshida & Yoshikura, 1980) . Although no difference in the susceptibility to FLV was found between LEW and Fischer rats, we examined the possibility that LEW rats carry an endogenous SFFV-related gene, express a gp55-1ike molecule and thus do not respond to gp55. With an SFFV-specific eDNA probe, we measured the amount of SFFV-related RNA in the spleen cells of uninfected LEW and Fischer rats (Fig. 4) . The RNA extracted from the spleens of FLV-infected DDD mice (Fv-2 ss) was used as a control. Although about 30-fold less than in DDD, RNA was found in both rat strains. The contents did not differ significantly between the strains and were similar to those in spleen cells of FLV-susceptible mouse strains (M. Yoshida & T. Odaka, unpublished results) .
SFFV-related RNA in spleen cells
Production of antibody cross-reactive with gp55 in LEW rats
To determine whether LEW rats are constitutionally unresponsive to gp55 or if the observed unresponsiveness is unique to SFFV-NRK as antigen, we tested LEW rats by four different immunizing methods, eco-F-NRK cells producing F-MuLV and eco-F-SFFV-NRK cells Rats of different strains responded variously to antigens encoded by S F F V in S F F V -N R K cells. The most striking strain difference was found in the response to gp55. Genetic control of immune response to MuLV antigens has been studied mostly in mice (Nowinski, 1976; Vlug et al., 1981) , but no genetic studies have been done on the response to gp55, because mice, unlike goats, rabbits and rats, cannot produce antibody precipitating gp55.
The S F F V -N R K used as the immunogen was originally cloned by Troxler et al. (1977) as an SFFV-non-producing rat cell line. It was reported that cells of this line produce p45 (and gp65 as its processed form) and p15 as gag-related proteins and gp52 (and gp65 as its processed form) as env-related ones (Barbacid et al., 1978; Ruscetti et al., 1980) . From the cell lysate of S F F V -N R K , our a n t i -S F F V -N R K sera precipitated gp55, p39/38 and p21, but not p45 and p15. The cause of this discrepancy between previous reports and our results was not studied. A strain difference was observed in the responses to gp55 and p21 (Fig. 1) . To the former, ACI, JAR, Fischer and SD rats were responders, whereas L E W rats were non-responders. To the latter, ACI, J A R and SD rats produced antibody, whereas L E W and Fischer did not.
T3K1 is a mouse cell line which produces both SFFV and F-MuLV. Much more SFFV-specific glycoprotein is formed in T3K1 than in SFFV-NRK cells. With the labelled ceil lysate, proteins with Mr 110K, 90K, 65K, 55K and 30K were found, and the unresponsiveness of LEW rats to gp55 was confirmed (Fig. 2) . The genetic cross between responder Fischer and nonresponder LEW rats indicated that a single dominant gene controls the immune responsiveness (Table 1) . However, since the activities of antisera varied among responders of the BC1 generation (Fig. 3) , the involvement of other genes could not be excluded. Antibodies to proteins with Mr 110K, 90K, 65K and 30K were considered to have been induced by gag-related proteins of SFFV-NRK cells (Ruscetti et al., 1980; Ledbetter et al., 1977) . The anti-p30 activity was found in all antisera to SFFV-NRK cells as reported by Yoosook et al. (1979) , although the activity of JAR serum was extremely low (Fig. 2) . Jones et al. (1978 Jones et al. ( , 1982 found that LEW rats are low responders to gp70, p30 and p15 of Moloney leukaemia virus. When they crossed LEW with high responder BN rats, their results suggested that genes including those linked to the major histocompatibility locus influence more strongly the response to gp70 than p30. This implies that the response to individual antigens is under separate genetic control. Whether the gene(s) we found here are identical with theirs is unknown.
The coding sequence of gp55 is derived from recombination between the env gene of ecotropic virus and that of xenotropic virus. Bilello et al. (1980) found that anti sera with strong reactivity to gp70 of xenotropic virus, but not those that recognize primarily ecotropic gp70, can precipitate gp55. This observation agrees with ours, that LEW antisera to NZB-X-NRK precipitated gp55 (Fig. 5) . Why LEW antisera to the FLV preparation, but not to eco-F-SFFV-NRK which produces both SFFV and F-MuLV, precipitated gp55 needs comment. When infected as newborn animals, LEW and Fischer rats supported growth of F-MuLV, but not that of SFFV (Table 2) . When infected at 5 weeks of age, both strains were resistant to F-MuLV growth (K. Kai et al., unpublished results) . Racevskis & Koch (1977) reported that gp55 is not associated with FLV virions. Therefore, FLV growth, persistent or transient, seems not to be critical for the production of anti-gp55. The FLV preparation which could induce anti-gp55 in LEW rats was a spleen homogenate of infected BALB/c mice. Thus, the production of the antibody may be ascribed to the presence of a soluble form of gp55, xenotropic virus and/or MCF virus, another recombinant virus between ecotropic and xenotropic virus, in the virus preparation.
Our results suggest the presence of at least two antigenic determinants on the gp55 molecule of SFFV-NRK cells. One is common to the gp70 of xenotropic virus and can be recognized by all rat strains. The other can be recognized by ACI, JAR, Fischer and SD, but not by LEW, and this recognition is controlled by a single or a few genes.
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